Abstract-This paper describes the first step to a global approach to the development of UVMS Force control applications. A novel test bench has been developed to partly reproduce the behavior of such system while avoiding the needs and constraints implied for underwater experiments. This equipment shows most of the characteristics of a serial robot. Mechanical robustness, repeatability, reliability and friendly user interface are among the characteristics that have been inspired from industrial class of robots. However, the use of linear direct drive motors constitutes a very unique robot design. Preliminary force/position experiments demonstrate the functionality of the test bench and its great potential.
INTRODUCTION
Hydro-Quebec hydroelectric power facilities count more than 500 dams and over 100 of them are older than 50 years [1] . Globally, in North America, 80% of the 793 major dams will be older than 50 years in 2020 [2] . Durability, reliability and security of these facilities are key issues. As a part of the Hydro-Québec dam security program, an underwater remotely operated vehicle (ROV) has been under development for the past few years at the Institut de recherche d'Hydro-Québec (Ireq). This ROV is used in various inspection tasks taking place in underwater environments [3] . Over the years, the dam concrete and other immerged elements need to be repaired.
A R&D project has recently started in which researchers address the automation of some repair tasks. Most of the proposed designs are dedicated solutions to specific repair tasks. However, as a long term solution, Ireq investigates the use of the ROV to perform various intervention tasks. Increased flexibility and security, reduction of intervention time are the main advantages to strive. The first type of tasks to be addressed is the grinding process of underwater metallic structures. This process requires position and speed accuracy, fast time response and a controlled contact force [4] . Originally designed as an underwater inspection device, the ROV dynamic performances do not meet the requirements of the grinding process. To fulfill the lack of position accuracy, a new position sensor is under development. The addition of an arm to the ROV is necessary to improve the dynamic behavior of the system to perform force control applications.
During the past decade, the position/force control of the underwater vehicle-manipulator systems (UVMS) has gained the attention of researchers [5] [6] [7] [8] [9] . However, there are few experimental results evaluating the force controller performances of such systems [10] . Moreover, specific process involving non-static contact behavior like the grinding process has not been address for UVMS. Few reasons are:
o ROV position sensors accuracy is poor o Some sensors are not yet available of the shelf for underwater applications (force-torque sensor) o Every electrical component and its wiring must be waterproof. This difficulty generates long development time and high costs. In order to reduce the development time and the financial risk of the UVMS, a step by step approach as been adopted. The main key issues of the grinding process control executed by an arm mounted on a moving carrier will be address first. This will be done using a test bench that will reproduce a simplified vehicle-arm system. Then an underwater manipulator prototype could be designed based on the knowledge acquired on the test bench. After extensive evaluation of this manipulator, an improved version will be mounted on the ROV and then, final evaluation and improvements will be performed.
From previous works conducted at Ireq [19] , it is well known that a critical aspect regarding robot force control is the actuator performances. Because direct drive actuators are well suited for force control [11] , they have been chosen early in the design process for the two linear axis shown in Fig. I .
The following sections first present the performance requirements for such a test bench. Then a review of the available commercial manipulators reveals that this test bench will have to be design from scratch. The resulting design will be presented and some of its characteristics will be discussed. Finally, a simple force/position controller is implemented and its performances are shown.
II. PERFORMANCE AND DESIGN REQUIREMENTS
The basic concept is to install a manipulator arm on the existing ROV to form the UVMS as schematically drawn on Fig. I 
A. The grinding process
The grinding process has many variants [12] . The cup grinding process is address first because it is the one preferred by the divers to perform the rectification of the immerged structures. The main grinding process parameters are shown in Because surface cooling is obviously more efficient underwater, the linear speed of the tool can be reduced and the contact force can be increased. This increases the MMR (material removal rate). According to this, and keeping the higher performances requested in Table I , the ROV should be able to produce a normal force of 200 N while moving at a linear speed of 100 mm/s.
The flatness tolerance differs from site to site and depends on many factors like the functionality of the structure to be grinded. However, as a working objective, the flatness tolerance is set to 3 mm over 1 m. This represents a large tolerance for industrial machining equipments. However, it appears to be a challenging objective for a submarine.
B. ROV III
Hydro-Quebec's submarine is a sophisticated ROV that presents many innovative developments as the navigation system with Kalman filters [13] , 3D acquisition sensors and the virtual reality environment helping the pilot of the ROV to visualize it relative to the modeled immersed dam structures [14] .
Pertinent ROV specifications are listed in TABLE II. Force and speed required by the grinding process, as listed in TABLE I, are satisfied by the ROV. However, the position accuracy is not sufficient in regard of the flatness of the surface to be obtained by the grinding process. This problem is currently been addressed and represents on its own a challenging R&D project.
An important aspect not spedified in TABLE II is the dynamic behavior of the ROV. The thrusters generate low force bandwidth. This is inadequate for force control applications. To compensate the slow force reaction of the thrusters, a manipulator dedicated to the accurate force/position control of the tool will be mounted on the ROV as proposed in Fig. I .
C. Foreseen difficulties and test bench relevance
There are several challenging problems to study before successfully grind an underwater planar surface with an UVMS. In this research the following aspects were identified as the most important for this first stage:
• Position and force control of a manipulator installed on a moving platform. The robustness of the force controller against position errors of the platform is of particular interest.
• Position/force control of the manipulator to achieve a stable tool/surface contact with an unknown surface profile.
• Evaluation of linear direct drive actuators applied to force/position control applications. Even if the navigation system is improved to the level of position/angular accuracy needed, the manipulator will have to compensate position perturbations of the carrier due, for instance, to water currents. The test bench should have the capability to produce repeatedly such position perturbations One of the constraints of the underwater grinding application is the execution time. While the underwater structures are under refection, there is no power generated by this group. Precise surface profile measurement takes time. Position/Force control robustness against surface position perturbation will save measurement time. It follows that a compliant behavior of the manipulator is necessary to insure the stability of the tool/surface contact.
As previously mentioned, the ROV is subject to position perturbation. Severe collision of the manipulator arm with the surface may happens. Because the linear direct drive actuator can be back driven without any risk of mechanical seize up, it is an interesting design solution to force contact applications under position perturbations and unknown environment. The direct drive actuator could behave as a programmed spring/damper system and this will prevent the manipulator from mechanical failure when squeezed between the ROV's mass and the dam.
D. Test bench performances and characteristics
Most of the test benc mechanical performances have already been discussed in previous sections and are listed in TABLE III Additional characteristics are:
• Repeatability: This is a common criterion of commercial robots. Its value is usually related to the size of the robot. A repeatability of 0,1 mm is sufficient for this application.
• Rigidity: Mainly important for the first three axes. These axes intended to produce position errors due to the ROV. It must be rigid enough to avoid extra position errors that are not measured or controlled.
• Working envelop: a volume 0,3 x 1x 1 m is sufficient.
• Open architecture: this test bench is a research equipment.
Consequently the controller must be open in order to modify the algorithms or any other functionality. Also, access to all variables and parameters is essential to either modify it or record it.
• Robustness: robot control development implies collisions!
E. Commercial robots
There are hundreds of robot models and sizes commercially available today. However, there is low diversity of mechanical architectures. On one hand, there are many types of parallel mechanisms exposed in scientific literature, but none of the few commercial robots offers the working enveloped, degrees of freedom, speed and forces needed. On the other hand, there are many different commercial serial robots available, but if robots that have less than 6 axis are excluded, the well known anthropomorphic architecture is nearly the only type. Although the performances and characteristics of robot composed of a combination of prismatic and revolute pairs have been described in scientific studies [17] , industrial robot market rejected them. The few 6 axis non-anthropomorphic robots that were available in the past have disappeared from the market place.
A study of the US patents directory shows that the use of direct drive actuators is found to be mostly dedicated to SCARA robots where acceleration and speed are very high while the end effector's load is small. A very restrictive use of linear direct drive actuators has been found in dedicated small robots developed for medical applications.
The conclusion of this search of a robot which satisfies the performances and characteristics exposed in the previous sections is simply that it does not exist.
III. FORCE CONTROL DEVELOPPEMENT TEST BENCH

A. System architecture
The test bench is built with the components usually present in a robotic system as illustrated in Fig. III . The core of the system is the controller. Its development is based on the Robot Framework Microb (Modules intégrés pour le contrôle de robots) [14] . It runs on a P4 3 MHz computer. The control loop is executed at 1 kHz. The controller can be used to control either the real robot or its model. The purpose of the robot model is to perform dry runs of newly developed control algorithms. This reduces the risk of damaging the robot in the case of errors. The command to the motors is a desired current sent to the drives via an analog voltage signal. All six drives control the motors current at 10 kHz with sinusoidal commutation and PWM (Pulse Width Modulated) switching. Signals from position sensors, force/torque sensor, axe's limit switches and other process related data are sent to the controller via high performance I/O cards. The user interacts with the controller via a friendly graphic user interface which will be presented in more details below.
B. Mechanics
The test bench can be seen as a six degrees of freedom serial manipulator which is illustrated in Fig. IV . The first three axes are intended to replicate the ROV movements and are referred as the carrier. The last three axes compose the manipulator for force control applications such as grinding. Overall performances are presented in TABLE III and axis specific information is listed in TABLE IV and TABLE V. Manipulator's first two axes (axes 4 and 5) are actuated by permanent magnet linear motors (PMLM). As pointed out in [11] , these linear actuators show interesting properties for force control applications over the other linear actuators like ball skews or rack-and-pinion gears. The absence of the mechanical transmission gears to convert the rotational movement into a linear displacement reduces the friction forces and provides zero backlashes.
There are two other linear axes. The scope of Axis 3 is to emulate the ROV's vertical displacement. The scope of Axis 1 is to emulate the ROV's displacement in the direction normal to the surface. Axis 2 allows angular movement relative to the vertical axis. Axis 6 is mainly used to access restricted areas where the tool interferes with the structure.
C. Software
A. Microb Microb [14] [15] is the result of cumulative efforts of control experts at IREQ willing to provide developers with a modular software toolbox addressing the specific needs of real-time robotics systems. Microb is programmed in the C++ language and runs on various real-time and non real-time operating systems. This capability is implemented through the Operating System Dependent Library (OSDL) which defines a specific module for every OS dependent functionality. The most important modules of the OSDL library concern timing and synchronization functions, thread management and interprocess communication. Using the inheritance concept of object-oriented programming, multi-OS capability is transparent to the user and managed at compile time. Moreover, it allows interconnecting various machines running specific software parts of a complete robotics system. For example, the robot controller can run on an embedded realtime computer while user interfaces and non-real time modules can run on a laptop or desktop PC. Such interconnections are possible with the use of TCP/IP sockets encapsulated in a Client/Server approach. These modules are part of the Utilities library. Modules for data logging, chained lists, error handling and generic configuration files are also available.
Besides software specific modules, Microb offers various libraries to provide developers with appropriate tools for robot control systems. The Vectmath library concerns linear algebra and vector calculus. It includes modules for coordinate transforms, matrix operations, commonly used vectors such as Euler angles and other useful operations. The Signal_processing library offers various filters for data 
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processing such as noisy sensor signals. In the Robot library can be found generic modules of serial robots, mobile robots and others. Such modules can be used to define the model of a specific robotic system. A robot model can be automatically generated in Microb using its Denavit-Hartenberg representation. Finally, the Control library offers various control tools, from a basic PID controller to Cartesian or joint space trajectory generation methods.
Microb is already in use in various robotic systems [14] for the specific needs of Hydro-Québec, but also in other projects. One such project is a cooperative multi-robot system [16] where Utilities and OSDL libraries provide powerful tools for a flexible architecture. Because of its Gnu LGPL license, Microb could easily be integrated to new robotics projects in the near future.
B. Interface A friendly user interface has been developed basically for two reasons. Firstly, many people will use the test bench. This interface allows these people to clearly understand how to use the robot safely and may also prevent hazards to the robot. Secondly, it allows researchers to quickly program the tests to perform and to record useful data. Examples of interface windows are shown in Fig. V . More specifically, the following functionalities are implemented.
• Display of robot status.
• Joint or Cartesian coordinates Robot jog.
• Task definition. The task is implemented as a list of points which contain a position and associated data defining the movement such as speed and acceleration and other information relative to the process such as the force to be applied or the activation of a particular tool. Different controller can also be specified.
• Record and graphic display of all important control data. The user selects the data of interest from a list. Export to a MatLab file for analysis is easily done.
• Perturbation generator. Various types of signal can be added to I/O or to some control variables in order to emulate noise, perturbations or modeling errors. • Online gain adjustment is possible for controllers in tuning development phase.
IV. EXPERIMENTS
This test bench as been developed to address the grinding of an unknown planar surface composed of bumps and holes. However, the following simplifications were adopted as a starting point:
• The grinding disc is replaced by a single point contact tip.
• The path to follow on the surface passes trough one hole only.
• Initial position of the robot is such that axis 5 is normal to the surface and axis 4 is parallel to the path. For this particular configuration the contact force is applied by axis 5 and speed control along the path is executed by axis 4. Remaining axes are maintained at a constant position. A particular constraint is to avoid material removal from the surface if its position is under the desired planar surface. The desired force is then:
where F d is the desired force, X is the tool position and X s is the desired surface position.
The speed controller is a PI. Two force controllers were implemented. The first one is a simple PI. The second one is an admittance force/position controller [18] :
where e f is the force error and e x is the tool position error. K PF , K IF , K PP and K PD are the PI and PD gains applied to the force and position errors.
In Fig. VI , the robot follows the surface while applying a constant force of 75 N. At point A, the tip enters the hole. At point B, the applied force is set to zero because the tip reached the desired surface position. At point C the tip contacts the surface again and begins to exit the hole so the desired force is set to 75 N again. At point D, it is completely withdrawn from the hole and then, the applied force demonstrates large amplitude oscillations. From point C to D, the tip is moving backward while exiting the hole. The tool inertia produces a brief contact loss, producing zero force at the force sensor. The PI quickly compensates for this force error and produces oscillations. In Fig. VII , the admittance controller tends to slow down the axis 5 movement while the tip retracts from the hole. This reduce the force error at point D and low amplitude oscillations are produced.
V. FUTUR WORK
The direct drive linear motors demonstrate a surprisingly high variation of the force related to the relative position of the coils and magnets. The identification of the motors will be conducted to build a model of the linear motors. Friction of the axis four and five will also be modeled. Development of a robust controller will be performed next in order to control the applied force by the manipulator part of the test bench while applying position perturbation to the carrier.
VI. CONCLUSION
Force control applications using an UVMS has not been developed yet for hydro electric dam refection. A step by step approach to develop such applications has been adopted. The initial steps involve the use a novel test bench which shows similar characteristics as of serial industrial robots. Linear direct drive actuators make this robot unique. A simple force/position controller has been implemented. Early experiments show promising results. 
